 Housing at 30°C blunts several adaptations to exercise training in mice  Exercise-sensitive protein induction is dampened at 30°C in skeletal muscle  30°C-housing blunts training-induced increase in insulin-stimulated glucose uptake 104 was reduced in ET compared to UT mice (Fig. 2C) . When housed at 30 o C, RER was similar between 105 day and night in untrained mice, in contrast with previous reports 20,27 , with no effect of ET on resting 106 RER (Fig. 2C). Chronically housing mice at thermoneutrality increased habitual (+90%) activity 107 during the night in UT mice (Fig. 2D) underlining the importance of adequate acclimatization time 108 Raun et al. Housing temperature influences exercise training adaptations in mice 2019 page 8 of 34
uptake (Suppl. Fig. 3c ) and importantly, 2-deoxy-glucose ( 3 H) tracer activity were similar between 165 all groups (Suppl. Fig. 3d ). These results show that thermoneutral housing prevents the improved 166 insulin action in skeletal muscle following ET, independently of running volume.
167
Thermoneutrality alters the molecular adaptations to ET in skeletal muscle without affecting 168 canonical insulin signaling. 169 Major molecular adaptations occur in skeletal muscle in response to exercise training, but such 170 responses have to the best of our knowledge in mice only been shown at ambient temperature. We 171 therefore determined the molecular responses to voluntary ET on known training responsive proteins. 172 In triceps muscle, GLUT4 (+20%), glycogen synthase (GS; +10%) and myoglobin (+20%) all 173 increased with voluntary ET irrespective of housing temperature (Fig. 4G) . In contrast, hexokinase 174 (HK) II (+135%) and pyruvate dehydrogenase (PDH) (+60%) increased following ET only in 22°C 175 housed mice ( Fig. 4G , see 4I for representative blots). In the paired 22°C ET mice, ET increased HKII 176 (30%), GS (10%, p=0.07), PDH (+45%), while no changes in GLUT4 and myoglobin were observed 177 (see representative blots in Fig. 4J , for bar plots see Suppl. Fig. 3g ). It is well known that mitochondrial content increases with exercise training. To our surprise, we 179 observed reduced response in four of the five complexes of the electron transport chain (ETC) 180 following ET of 30°C housed mice compared to 22°C (Fig. 4H , see 4K for representative blots). The 181 fact that housing temperature affects mitochondrial adaptations was confirmed by the paired 22°C
182
ET mice, where all complexes increased after the intervention (see representative blots in Fig. 4L , for 183 bar plots see Suppl. Fig. 3g ). 184 We observed no effect of ET or temperature on protein expression of any of the above described 185 proteins in heart muscle (Suppl. Fig. 3e ). In addition, during insulin stimulation, no major changes in 186 canonical insulin signaling were observed with ET or housing temperature in any of the analyzed 187 muscles (Suppl. Fig. 3f ). Housing temperature-induced changes in ET response observed in insulin-188 stimulated glucose uptake in skeletal muscle could therefore not be ascribed to altered intracellular 189 insulin signaling, but rather changes in expression of glucose-handling proteins. 190 Collectively these data demonstrate that the ability of ET to increase insulin-stimulated glucose 191 uptake and protein expression of key training responsive proteins in skeletal muscle were lost or 192 markedly diminished when the mice were housed at 30°C, and this was not due to lower training 193 volume.
194
Temperature-dependent adaptation of adipose tissue is not influenced by exercise training 195 As white (WAT) and brown (BAT) adipose tissue are responsive to temperature 34, 35 as well as ET at 196 ambient temperature 36,37 , we next investigated if this also applied to ET in thermoneutral conditions. 197 The size of all analyzed fat depots was reduced similarly by ET in both temperatures (inguinal 198 (i)WAT (-30%, Fig. 5A ), epididymal (e)WAT (-40%, Fig. 5B ), and BAT (-15%, Fig 5C) . iWAT (Fig. 199 5A) and eWAT ( Fig. 5B ) mass were unchanged by housing temperature, while BAT amount was 200 doubled in thermoneutrally-housed mice (Fig. 5C ) supporting a recent study 20 . Thermoneutrality 201 lowered basal glucose uptake in BAT by 85% with no effect observed in WAT depots (Suppl. Fig.   202 Raun et al.
Housing temperature influences exercise training adaptations in mice 2019 page 12 of 34 4a). ET did not alter basal glucose uptake in any of the analyzed adipose tissue depots (Suppl. Fig.   203 4a). ET in 22°C increased insulin-stimulated glucose uptake in iWAT, (+45%, Fig. 5D ) and eWAT 204 (+70%, Fig. 5E ), but not in BAT (Fig. 5F ). This response was unaffected by thermoneutral housing 205 in eWAT but blunted by 30°C housing in iWAT. As seen for skeletal muscle, the differences in iWAT 206 of ET-induced enhanced insulin action were ascribed to housing temperature rather than training 207 volume ET also enhanced insulin action in iWAT in paired 22°C mice (Fig. 5D+E ). 30°C housing 208 led to an 80% reduction in insulin-stimulated glucose uptake in BAT compared to 22°C with no 209 apparent effect of ET (Fig. 5F) , and therefore the BAT from paired 22°C ET mice was not analyzed. 210 To mechanistically explain the altered improvement in glucose uptake in adipose tissue, we analyzed 211 the expression of glucose handling and insulin sensitive proteins. In iWAT, ET at 22°C led to 212 increased HK II (+105%), GLUT4 (+105%), GS (+75%), and PDH (+95%), while only GLUT4 213 (+50%, p=0.094) and GS (+35%) increased after ET in 30°C (Fig. 5G ). Like in muscle, HK II and 214 PDH are thus potentially involved in the mechanisms behind the observed differences in insulin-215 stimulated glucose uptake in WAT. However, although showing tendencies for increased protein 216 expression for most proteins investigated (incl. HK II and PDH), no significant effects were observed 217 in the paired 22°C ET mice in iWAT (Suppl. Fig. 4b ). Canonical insulin-stimulated signaling in 218 iWAT was not affected by ET or housing temperature (data not shown), and thus could not explain 219 the differences in insulin-stimulated glucose uptake. For BAT, only HK II (+45%) increased with ET 220 in 22°C. In accordance with the lower insulin-stimulated glucose uptake in BAT at 30°C, we observed 221 lower HK II (-90%), GLUT4 (-20%), and PDH (-30%) protein expression, while GS was unchanged 222 (Fig. 5H ).
223
Because adipose tissue phenotypes are highly sensitive to temperature 34, 35 showing that mice running at 28°C displayed higher energy usage per wheel turn compared to 21°C 57 . 321 However, in that study, the mice were not habituated to thermoneutral temperatures prior to the 322 experiment, which might explain the discrepancy.
323
In addition to a reduced metabolic rate, mice housed at 30°C did not increase their RER during the 324 dark cycle. A lower RER is indicative of higher relative contribution of fat oxidation. Taken together 325 with the observed higher FFA and TG levels of 30°C-housed mice (in agreement with a previous 326 report 20 ), the data from current study shows that fat metabolism might also be highly affected by 327 housing temperatures and warrants further investigations.
328
Although not a key objective of the study, we found generic differences between housing 329 temperatures in our untrained mice that to the best of our knowledge have not previously been 330 documented. An important finding in our study was that the mouse gut microbiome was remarkably 331 affected by housing temperature with minimal effect of ET. The small effect size of ET on GM 332 contrasts previous observations 58, 59 . The effect of temperature is important as the gut microbiome 333 has been shown to affect several functions in physiology, e.g. glucose metabolism 60-62 , and has 334 recently been associated with muscle function 63 . This effect of housing temperature alone has not to 335 our knowledge been clearly demonstrated previously.
336
Increasing housing temperature also led to a ~10% reduction in heart mass, suggesting that ambient 337 housing leads to cardiac hypertrophy, likely due to a higher cardiac stress as indicated by twice as 338 high heart rate at 22°C (600bpm) compared to 30°C (300bpm) housed mice 15,64,65 .
339
In addition to a lower fasting blood glucose of thermoneutrally housed mice as observed previously 19 , 340 we also observed that thermoneutral housing lead to elevated insulin secretion following a glucose 393 Total, fat and lean body mass were measured weekly by nuclear magnetic resonance using an 394 EchoMRI TM (USA). 397 After a 3-day acclimation period in the metabolic cages, oxygen consumption, ambulant activity 398 (beam breaks), food intake and running distance/speed were measured by indirect calorimetry in a 399 CaloSys apparatus during at least 2 days (TSE Systems, Bad Homburg, Germany). To test the acute 400 effects of thermoneutrality, a group of mice were housed in the metabolic chambers at 22ºC for 3 401 days followed by an increase in the temperature to 30ºC for 3 days. All mice were single-housed 402 during housing in metabolic cages.
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Glucose tolerance test 404 Glucose (2.0 g/kg) was intraperitoneally injected into 5-hr-fasted (fasting from 7:00AM) mice. Blood 405 was collected from the tail vein at time points 0, 20, 40, 60, 90 and 120 min and analyzed for glucose -0.67 0.72
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